Introduction
The construction and operation of municipal drainage systems has been historically driven by two objectives: (1) To maintain public hygiene, and (2) To prevent flooding. The importance of the pollution control aspect has grown over the years, and gradually treatment facilities have been introduced to preserve the aquatic ecosystem 1 . The urban wastewater system has a major impact on the receiving water quality. Combined sewer overflows (CSOs) are used to divert excess stormwater into a nearby recipient. In Europe, it is widely assumed that the frequency or total volume of overflow discharges is a good indicator of the pollution impact on receiving waters. Less frequent overflow will result in less adverse impact on receiving water quality. Reduction of overflow frequency leads at least to the reduction in aesthetic pollution 2 . On the other hand, wastewater treatment plants continuously discharge effluents which always contain certain pollutants (depending on the plant treatment efficiency).
The idea of understanding and potentially exploiting the integrated system is not new.
For example, Beck 3 discussed the idea of a 'water quality system', consisting of water distribution network, sewer system, treatment plant, and river 4 . Integrated urban wastewater assessment fits into the holistic approach suggested by the Water Framework Directive 5 , which requires good ecological and chemical quality of surface and groundwater. Representing and understanding the urban wastewater system as a whole allows better, more cost-effective solutions to be engineered, because consideration of just the individual elements does not take into account the interactions between the various subsystems.
Implementation of an integrated model can be done in view of various goals. It can be used to test scenarios in order to evaluate future impact e.g. future housing or increase of drained impervious surfaces, operation strategies evaluation like influent The paper presents the results of a study aimed at the use of simple mathematical models of a sewer network, wastewater treatment plant (WWTP) and receiving water to control the discharge of diluted wastewater from combined sewer overflow system in order to protect water resources.
The greatest burden on the receiving water usually occurs at the time of combined sewer system overflow, when diluted municipal wastewater is also discharged into the receiving water. Literature usually presents impact assessment results of either wastewater treatment plants or sewer system on the receiving water. In our work, we assess the impact of the integrated municipal wastewater system on the receiving water.
The models for the sewer system, wastewater treatment plant, and receiving water under consideration were developed. Mathematical modelling of the subsystems of urban wastewater system was carried out using simulator SIMBA 6. Simulations were performed using real experimental data. Information about the sewer system overflow during the year (total amount of overflow, pollutant load of COD during overflow) was obtained by using dynamic simulations. The simulation results aimed at the impact assessment of the sewer system overflow and WWTP on the receiving water quality showed that the values of the monitored parameters in the river could exceed several times the environmental quality standards for receiving water.
Key words combined sewer overflows, impact on receiving water, modelling, receiving water, urban wastewater systems, wastewater treatment plant load increase to the WWTP. Overall, problems with integrated model implementation are the heaviness of the model and the data availability 6 . This paper presents the implementation of an integrated model on a case study in Slovakia. The main aim was to apply simple mathematical models of a sewer network, WWTP and receiving water to control the discharged diluted wastewater from combined sewer overflow system in order to protect water resources.
Description of the case study
The case study data were taken from facilities located in western Slovakia; the wastewater from two small cities (Trenčianska Teplá, Trenčianske Teplice) and a village Dobrá is collected mainly by a combined sewer system and treated in a WWTP. The sewer system load was 7363 population equivalent, in 2011. There are combined sewer networks of overall length of 15 046.1 m in Trenčianska Teplá, and 23 596.5 m in Trenčianske Teplice. The sewer system of the village Dobrá comprises a gravitational sewer network, pumping station and discharge pipelines with a total length of 4422.1 m. The sewer system contains seven combined sewer overflows. The sewer system catchment area was unknown and thus calculated according to satellite view. The total catchment area of 126.9 ha was considered, comprising a small impervious area of 12 ha. The runoff coefficient was set to 0.3. The catchment area was divided into fifteen smaller sub-catchment areas drained by the sewer system. The scheme of the sewer system connected to the receiving water, which was implemented to Simba 6, is shown in Figure 1 .
The wastewater treatment plant comprises mechanical and biological stages, and anaerobic sludge stabilization. The volume of the aeration reactor is 520 m 3 and total volume of the secondary clarifier is 850 m 3 . The aeration tank is operated as oxic reactor with average dissolved oxygen concentration of 2.5 mg L -1 . The average dry weather inflow into the WWTP was 6 593 m 3 d -1 , in 2011. Temperature, pH, dissolved oxygen (DO) and inflow are measured on-line every hour, while total chemical oxygen demand (COD), biological oxygen demand (BOD 5 ) and ammonium nitrogen (NH 4 -N) are analysed in the laboratory four times per month.
Teplička is the receiving water of the WWTP in Trenčianske Teplice. The average daily flow of the river (Q 355 ) was 110 L s -1 in 2011. Composition of the water is measured at two monitoring locations. Table 1 shows the average annual values. Originally designed cross-sections were used for characterization of the river profile. 
Model building
Mathematical modelling of the subsystems of an urban wastewater system was carried out using simulator SIMBA 6 programme, which is a software package for modelling and simulating urban wastewater systems. It is based on the simulation system MATLAB-Simulink, and offers access to its features and versatility. Within SIMBA, there are a large number of models for various parts of wastewater systems. These can be used as building blocks for a representative model of the urban wastewater system to be investigated. A model structure and its complexity is determined by the goal of the study and the availability of data. Detailed information on catchments and river are often not available and therefore conceptual models (with fewer parameters to calibrate) appear more suitable to represent the subsystems. 6 For example, in the river or the sewer pipelines, water transport is modelled by a linear reservoirs cascade.
In this work, the rainfall -runoff model was used for modelling the system at different operating conditions and transport of pollution from sewer networks. Flow in the sewer system is modelled by the hydrodynamic diffusive-wave approximation of the Saint-Venant equations, which consist of the continuity (1) and the momentum (2) equations 7 :
where Q is flow rate [m 3 s The bottom of the riverbed was created artificially from concrete slabs and paving. The lateral sides of the riverbed were formed from paving and humus. Manning's coefficient values of these materials were taken from Schütze et al. 10 : n (concrete slabs) = 0.015 m -1/3 s, n (paving) = 0.014 m -1/3 s and n (humus) = 0.029 m -1/3 s. Activated Sludge Model No. 1 (ASM1) was used to describe the processes of removing organic and nitrogen pollutants in WWTP, which includes 8 biochemical processes and 13 components 11 . Basically, Monod type reaction kinetics is applied to describe the transformation of process components by the biochemical processes. Simple Water Quality Model (SWQM) was implemented for river quality. It includes 5 processes and 7 components 12 . The sub-models are connected by means of interface models, which transform the state variables of the one sub-model into the state variables of the following sub-model.
Results and discussion
Simulation program SIMBA 6.0 13 was used for dynamic simulations of municipal wastewater system. A mathematical model was developed for a selected municipal wastewater system. Simulations were carried out with a simplified model. Different approaches for rainfall runoff calculation are applied for pervious and impervious areas. Evaporation is modelled using a double-sinoid approach, considering diurnal and annual variations. Rainfall runoff is modelled using a conventional approach with standard parameters. Surface runoff and runoff concentration is modelled by Nash cascades (cascades of conceptual linear reservoirs). Only one pollutant -COD is modelled, assuming constant distribution of flows and pollution over day. Pollutant concentration was 100 mg L -1 in rainfall runoff. Maximal wet weather inflow to WWTP was considered 32 830.5 m 3 d -1 . Maximal wet weather inflow was 9 156 m 3 d -1 on biological stage of WWTP. The model was not calibrated due to the unavailability of some data for the sewer system modelling. Thus, rainfall-runoff parameter values recommended in the literature were used during simulation calculations, for the following parameters: rainfall runoff factor, wetting losses, total depression losses, percentage of area with no depression losses, percentage of effective area, saturation moisture. Sewer system overflow projection during the year was obtained from the simulation results. The average temperature of 10 °C was used for simulations. Precipitation in 2011 (Figure 2 ) was taken into account during the simulations. Average precipitation was 831.9 mm. The same rainfall intensity was considered in all variations of simulations. One hour of rain on a particular day was considered, while the mixing ratio 1:4 was applied. , in 2011. The diurnal variation of inflow was provided by the WWTP operator. The diurnal variation of composition was not available; therefore, it was generated by an algorithm incorporated in SIMBA 6. The calibration was performed in order to achieve minimum differences between the experimental and calculated pollution concentration values at WWTP effluent. In all simulation calculations, the respective pollution concentrations of discharged wastewater from WWTP were assumed to amount to COD = 19.9 mg L -1 , BOD 5 = 3.3 mg L -1 and NH 4 -N = 3.1 mg L -1 . In general, the wastewater treatment plant complies with the WWTP effluent standards. The ammonium nitrogen limit was exceeded in the river after mixing with the effluent from the WWTP. Thus, the objective of our calculations was to find suitable effluent values to satisfy the Environmental Quality Standard (EQS) in the river. ] to wastewater treatment plant Figure 6 shows the results of these simulations. If the value of ammonia nitrogen concentration in discharged wastewater equals 2 mg L -1 , the standard value is satisfied.
On the other hand, if NH 4 -N concentration decreases to 0.1 g L -1 in the river before WWTP, the ammonia nitrogen from wastewater treatment plants only needs to reach 2.3 mg L -1 in order to meet the quality standard in the river for this indicator. It can be concluded that NH 4 -N was influenced by WWTP performance. Dissolved oxygen and solid retention time in the aeration tank play important roles. The necessity to supply more oxygen into the system in order to meet NH 4 -N concentration at the output results from our simulations.
The results of simulation with precipitation ( Figure 7) show that the wastewater influent to WWTP can be diluted 5 times during rainfall, and thus lower pollution removal efficiency from WWTP should be expected. The investigation of the impact of sewer system overflows on receiving water quality was carried out. Oxygen, NH 4 -N concentration and COD in the river were calculated before and after locations of CSOs during torrential rains. The status of water quality in the river at Q 355 during rainfall events was investigated for mixing ratio of 1:4. Figures 8-10 show, for example, the flow rates in the river and pollution concentration after overflow CSO_d (11.17 river kilometre-rkm).
These results indicate that EQS in river are exceeded, which may actually cause an adverse impact on aquatic life in the river. The limit value of 
Conclusion
The aim of this work was to use simple mathematical models of the sewer system, WWTP and receiving water to predict urban wastewater systems management in the aim of protecting water resources. Mathematical modelling of the subsystems of municipal wastewater systems using simulator SIMBA 6 was carried out.
The results suggest that all overflows discharging municipal wastewater and rainwater from every CSOs at mixing ratio of 1:4 were active. Total amount of overflow was 151 053.4 m 3 and the total pollutant load of COD was 15 081.2 kg from CSOs, during the year. The results of WWTP impact simulations on the receiving water during dry weather confirmed that, although the wastewater treatment plant met the effluent standards in terms of NH 4 -N, the EQS for ammonium nitrogen in the river was not met. Thus, the required quality of discharged wastewater was investigated in order to meet the EQS values in the river. The results of dynamic simulations, including precipitations, showed that the wastewater influent to WWTP should be diluted 5 times, during rainfall events.
The results of simulation focused on the CSOs impact assessment on receiving water quality showed that the values of the monitored parameters in the river may exceed several times the river quality standard. The COD limit value was exceeded around 27 times in the river, and the limit NH 4 -N value was exceeded 41 times during the year. Maximum NH 4 -N concentration reached 2.7 mg L -1 , while the maximum load COD was 53 mg L -1 in the river after discharge point from CSO_d. Dissolved oxygen values comply with EQS. It may be concluded from the simulation results that increased mixing ratio, e.g. 1:8 is more appropriate in terms of EQS values.
